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Signal-Dependent Translocation of Transducin,
RGS9-1-G5L Complex, and Arrestin to Detergent-
Resistant Membrane Rafts in Photoreceptors
and that light stimulates the translocation of transducin
subunits to these rafts (Figure 1C). Here, we demon-
strate that key molecules involved in photoreceptor re-
covery are also associated with the raft. Almost the
entire pool of guanylate cyclase resides in the DRM,
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University of Miami School of Medicine both in light and dark (Figure 1B). Only 10%–20% of
RGS9-1-G5L is associated with the DRM in the dark,Miami, Florida 33136
but upon illumination, most of the dimer is recruited to
this fraction (Figures 1C and 1D). This behavior is similar
to that of transducin (Figure 1C); however, in contrastSummary
to transducin, of which only 15%–40% translocates to
DRM, 80%–100% of RGS9-1-G5L moves to the DRMMany lines of evidence show that membranes contain
fraction (Figures 1C and 1D). Arrestin, a protein thatmicrodomains, “lipid rafts”, that are different from the
binds phosphorylated rhodopsin and blocks the rho-rest of the membrane in specific lipid and protein com-
dopsin-Gt interaction, shows a striking difference in theposition [1]. In several biological systems, they were
behavior of its two splice variants with respect to raftshown to be necessary for trafficking and signal trans-
association. The shorter p44 form is found in both raftduction. Here, we investigate if lipid rafts have a role
and nonraft fractions in the dark but undergoes a 100%in the regulation of the G protein-mediated pathway un-
translocation to the raft upon illumination. In contrast,derlying vertebrate phototransduction. Photoreceptor
the longer p48 form resides outside the raft both in lightmembranes contain detergent-resistant membrane
and dark (Figure 1E). Earlier studies showed that, in(DRM) rafts. Rhodopsin and cGMP phosphodiesterase
contrast to p48, p44 can bind nonphosphorylated rho-are found in raft and nonraft portions of the membrane;
dopsin, albeit with low affinity [3], which, along with ourguanylate cyclase is found exclusively in the raft. Dis-
data, indicates that p48 and p44 might have differenttribution of these proteins does not change in the light
roles. The diverse behavior of these nearly identical pro-or dark. In contrast, the G protein transducin, the
teins upon fractionation is a vivid illustration of the exis-RGS9-1-G5L complex, and the p44 isoform of arrestin
tence of two distinct subdomains in the photoreceptorundergo dramatic translocation to the raft upon illumi-
membranes.nation. Phosphorylation of RGS9-1 occurs exclusively
Thus, virtually all the key components of the photo-in the raft. GTPS or pertussis toxin prevent the light-
transduction cascade are either permanently associatedmediated translocation of transducin and RGS9-1,
with OS lipid rafts or translocate there in a light-depen-whereas AlF4 causes both proteins to move to the raft
dent manner. We next investigated the mechanisms ofin the dark. This shows that the Gt-RGS9-1-G5L
translocation and its potential functional role.complex has the highest affinity to rafts in the transi-
tion state of the GTPase. GTPS binds to transducin
at a significantly slower rate in the raft, indicating that
Dependence of Transducin and RGS9-1-G5Lthis translocation results in a reduced rhodopsin-
Association with the Raft on the G Protein Cycletransducin coupling. Thus, an external signal can re-
Pertussis toxin inhibited the shift of transducin andarrange components of a G protein pathway in specific
RGS9-1-G5L to the rafts in light (Figure 2A). Becausedomains of the cell membrane, changing its signaling
pertussis toxin uncouples G proteins from their cognateproperties. These findings could reveal a novel mecha-
receptors, this indicated that this translocation requiresnism utilized by the cells for regulation of G protein-
either the transducin-rhodopsin interaction or trans-mediated signal transduction.
ducin activation [4]. We hence tested the effect of the
G protein activator GTPS and found that it blocked
Results and Discussion the light-mediated recruitment of transducin to the rafts
(Figure 2B). GTPS also prevented translocation of
Detergent-Resistant Membrane Rafts RGS9-1-G5L, showing that activation of the G protein
in Photoreceptors is not sufficient to cause translocation of the RGS (regu-
Photoreceptor outer segments (OS) contain detergent- lator of G protein signaling) complex. Furthermore, this
resistant membranes (DRM) that are buoyant on sucrose shows that the fully activated form of transducin stays
density gradients, and are detectable as a distinct ring outside the raft. In sharp contrast to the effect of GTPS,
floating up to the interface between the 5% and 30% activation of transducin with aluminum fluoride (AMF)
sucrose. We found that photoreceptor DRM contain ca- did not prevent translocation of RGS9-1 and transducin
veolin-1 (Figure 1A), suggesting the presence of caveo- in light, but, to the contrary, promoted their translocation
lae-like structures in OS. In accord with Seno et al. [2], in the dark (Figure 2E). AMF can act in the dark because
who also recently detected DRM in OS, we found that it does not require transducin interaction with activated
rhodopsin is present in both the raft and nonraft fraction rhodopsin, which is necessary for GDP dissociation [5].
Although AMF is similar to nonhydrolizable GTP analogs
in causing effector activation by G proteins, in the pres-3 Correspondence: vslepak@newssun.med.miami.edu
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Figure 1. The Effect of Light on the Localiza-
tion of Proteins in DRM Fractions of Photore-
ceptor OS
Dark-adapted or light-exposed OS were
treated with 0.5% Triton X-100 and fraction-
ated on discontinuous sucrose gradients. The
fractions (1–12) were analyzed by Western
blot with antibodies to:
(A) Caveolin-1 (Cav-1).
(B) Retinal guanylate cyclase (GC).
(C) RGS9-1 and Gt.
(D) RGS9-1 and G5L.
(E) Arrestin.
Fractions 2–5 correspond to the DRM. The
data are representative of five independent
experiments.
ence of AMF and GDP, G has a conformation different however, we find a significant pool of PDE to be consti-
tutively associated with the DRM (Figure 2E).from the fully active GTP-bound form. Instead, it resem-
bles the transition state of the GTPase when the phos- To answer the question of whether RGS9-1-G5L re-
quires transducin to stay in the raft, we first promotedphodiester bond at the third phosphate of GTP is about
to break. RGS proteins stimulate the GTP hydrolysis translocation of RGS9-1-G5L and Gt to the raft by
exposing OS to light, and then added GTPS. Whereasby stabilizing this transition state and have the highest
affinity to G in this conformation [6–8]. Therefore, our the bulk of transducin could be eluted from the raft, all
of the associated RGS9-1 remained in the raft (Figureexperiments strongly suggest that, in this conformation,
the Gt-RGS9-1-G5L complex has a particularly high 2C). This shows that, while transducin is necessary for
RGS9-1 translocation, once RGS9-1 reaches the raft, itaffinity for the raft.
In the presence of AMF, the G complex of trans- stays there independently of the G protein. This notion
is supported by the fact that 10%–20% of RGS9-1-G5Lducin (detected with anti-G1 antibodies) does not
translocate to the DRM fraction, indicating that G is found in the DRM even in dark-adapted OS when
there is no transducin in the raft fraction (Figures 1Crequires Gt for raft association (Figure 2E). This is con-
sistent with the previous finding by Linder and col- and 1D).
Based on our findings, we contemplate the followingleagues that G does not bind to lipid rafts reconstitu-
ted in liposomes [9]. The apparent reason is that G sequence of events leading to the translocation of pho-
totransduction proteins to the rafts. Light-mediated acti-subunits are modified by prenyl residues, which contain
unsaturated bonds, whereas G are modified by myris- vation of Gt is followed by attainment of the transition
state by Gt, which binds to RGS9-1-G5L, and thistoyl and palmitoyl alkyl chains that are saturated and fit
better into the densely packed lipid rafts. PDE also complex moves to the raft. This translocation should
occur very rapidly, on a time scale comparable to thatdid not translocate to the DRM in response to AMF;
Figure 2. The Effect of Pertussis Toxin,
GTPS, and AlF4 on the Translocation of
Transducin and RGS9-1 to the Raft Fraction
(A and B) OS were incubated in the dark with
or without (a) pertussis toxin or (b) GTPS,
and then exposed to light, treated with 0.5%
Triton X-100, and fractionated on the sucrose
density gradient.
(C) OS were first exposed to light, and then
treated with GTPS and fractionated.
(D) A histogram showing the amount of Gt
and RGS9-1 in the rafts (fractions 2–5) in ex-
periments (B) and (C) relative to the total
amount of these proteins in OS (100%). The
data are representative of three independent
experiments.
(E) OS were incubated with or without 10 mM
NaF, 30 M AlCl3, and 5 mM MgCl2 (AMF) in
the dark, and DRM were analyzed as described
in the legend to Figure 1. The distribution of
RGS9-1, Gt, G1, and PDEwas determined
by Western blot. The data are representative
of four independent experiments.
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Figure 3. Phosphorylation of RGS9-1 in the
Raft Fraction
OS were incubated with ATP as in [14] and
then subjected to analysis of DRM.
(A) Analysis of fractions collected following
[32P]ATP labeling of OS. Top panel: autora-
diograph detecting a 56-kDa protein (arrow-
head) phosphorylated in the raft fraction.
Lower panels: the same blot probed with the
RGS9-1 and Gt antibodies.
(B) Immunoprecipitated RGS9-1 (IP) from raft
fractions 4 and 5 exposed to film (32P) and
probed with the anti-RGS9-1 antibody (WB:
RGS9-1).
(C) OS were incubated with ATP in dark and
light, then probed with the specific antibodies
to RGS9-1 Ser475 phosphate (S475-RGS9-1)
[13] and G5L. RGS9-1 distribution is con-
firmed by G5L detection.
(D) OS were incubated with and without 500
nm bisindolylmaleimide I–HCL (Bis) in the
dark and then given light in the presence of
ATP; fractions were probed for RGS9-1
Ser475 phosphate (S475-RGS9-1), RGS9-1,
and Gt.
(E) Immunoprecipitated RGS9-1 (IP) from the
raft fraction (fractions 2–4) probed with anti-
RGS9-1 Ser 475 phosphate (WB: S475-
RGS9-1) and anti-RGS9-1 (WB: RGS9-1) anti-
bodies.
The data are representative of two indepen-
dent experiments.
of GTP hydrolysis. Upon reaching the raft, GTP hydroly- ylation is not required for these events (Figures 3D and
3E). The role of RGS9-1 phosphorylation has just begunsis is complete, and G is recruited by the GDP-bound
Gt. The reformed transducin heterotrimer is ready to to be investigated and remains to be understood [13,
14]. Here, we show that there is a dramatic difference inenter another activation cycle, which can cause its de-
parture from the membrane. RGS9-1-G5L stays in the the subcellular localization between RGS9-1 phosphate
and its dephosphorylated form. The cause and effectraft; currently available information does not allow us to
conclude as to how it is attached and if or how it can relationship will need to be elucidated, but we can antici-
pate a differential localization for its kinase and/or phos-return to the nonraft portion of the membrane. Since
PDE has affinity for the transition state of transducin, phatase in the raft.
and a portion of PDE is associated with raft, it could
potentially act as an anchor to recruit the RGS9-1 com- Reduced Rhodopsin-Transducin Coupling
plex [8, 10]. We can also speculate that RGS9-1 is an- in the Rafts
chored to the raft via another molecule, for example, To begin answering how light-dependent translocation
guanylate cyclase, which is permanently raft associated of Gt and other proteins to rafts affects signal transduc-
(Figure 1B) and is reported to bind RGS9-1 [11, 12]. tion, we compared the rate of [35S]GTPS binding by
Another possibility is that RGS9-1 phosphorylation [13, Gt in isolated DRMs to that in whole OS membranes.
14] plays a role in its association with rafts. Figure 4A shows that, in the DRM, kinetics of [35S]GTPS
binding is at least 50-fold slower. In the whole OS mem-
branes, as expected, GTPS did not bind transducin inRGS9-1 Phosphorylation in the Rafts
Our results show that RGS9-1 phosphate is present ex- the dark. After illumination, binding reached saturation
in less than 10 s, in accord with subsecond kineticsclusively in the rafts (Figure 3). When dark-adapted OS
are labeled with [32P]ATP, a phosphoprotein that corre- of nucleotide exchange in photoreceptors. The binding
kinetics was as rapid when the whole membranes weresponds to RGS9-1 in molecular weight is found in the
raft fraction and can be immunoprecipitated by anti- first bleached and [35S]GTPS was then added (data not
shown). In contrast, GTPS binding to the DRMs hadRGS9-1 antibody (Figures 3A and 3B). At the same time,
Western blot analysis shows that RGS9-1 is present in the 1/2 of approximately 2 min. Isolation of Gt-containing
DRMs requires illumination that causes a portion ofboth the raft and nonraft fractions (Figure 3A). Antibody
specific to the Ser475 phosphate of RGS9-1 [13] de- transducin to move to the rafts, as well as partial solubili-
zation of the OS membranes with 0.5% Triton X-100. Ittected phosphorylated RGS9-1 exclusively in the raft,
both in dark and light (Figure 3C). Treatment of OS with is possible, in principle, that this procedure could disrupt
the membrane composition required for the optimalbisindolylmaleimide I, known to inhibit RGS9-1 phos-
phorylation [13], did not alter its light-mediated translo- GDP-GTP exchange on Gt in these microdomains. It
is known, however, that extensive washing of OS mem-cation and anchoring to the raft, showing that phosphor-
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Figure 4. Reduced Transducin Activation in the Raft Fraction
(A) Kinetics of [35S]GTPS binding to transducin on whole OS membranes in light (memb.-light) or dark (memb.-dark) and DRM rafts in light
(DRM-light). For binding in light, values represent the percentage of the maximum amount of GTPS bound (typically, at 45 min), and data
are representative of three independent experiments. The theoretical best fit was obtained by single binding site curve using GraphPad Prism
software version 3.0.
(B) The OS were exposed to light, treated with GTPS, and fractionated to obtain DRM. Fractions 3 and 9, representing the raft and the
nonraft portion of the membrane, respectively, were incubated with or without 25 g/ml trypsin for the indicated times. The pattern of
proteolytic degradation was revealed using Western blot with anti-Gt antibody. To equate the amount of Gt in the proteolytic assay, an
approximately three times larger volume of the raft fraction lysate was taken for digestion. The data are representative of one of three
independent experiments.
(C) GTPS-mediated elution of transducin from the membranes. OS were exposed to light and treated with (right panels) and without (left
panels) GTPS for the indicated times and were then fractionated. To determine the amount of RGS9-1 and Gt left in DRM, fractions were
analyzed by Western blot. The graph shows quantitative analysis of Western blot data obtained through scanning of the blots and analysis
using the Scion Image software. The data are presented as the percentage of Gt and RGS9-1 remaining associated with the raft (fractions
2–5) upon treatment with light followed by GTPS relative to the amount of protein present in rafts upon treatment with light only.
branes with urea, salts, and high and low pH does not Gt was bound to GTPS, as this fraction contained
the characteristic 34-kDa trypsin-resistant fragment. Inreduce rhodopsin coupling with purified transducin
upon their reconstitution. Compared to urea, which contrast, the 34-kDa band was not detected in the rafts.
Therefore, Gt that remains present in the raft after thestrips OS of peripheral proteins, the preparation of DRM
appears to be a mild procedure, as it does not lead to addition of GTPS exists there in the GDP-bound form,
indicating a slow GDP-GTP exchange rate. In the secondthe loss of such loosely associated molecules as arrestin
and PDE. Thus, it seems unlikely that the striking differ- approach, we took advantage of the fact that GTPS
binding to transducin leads to its detachment from OSence between the GTPS binding kinetics in DRMs and
whole membranes is an artifact of DRM preparation. In membranes (Figures 4C and 4D). If GTPS is added
before illumination, transducin becomes soluble quicklyorder to rule out the possibility of nonspecific effects of
this procedure, we used two additional approaches in and does not move to the rafts at all (Figure 2B). If
transducin is first given the time to move to the raft uponwhich the detergent treatment and fractionation were
carried out after the OS were exposed to light and illumination, the solubilizing effect of GTPS added later
is dramatically slower and is not complete even after 1treated with GTPS (Figures 4B and 4C). In the first
approach, GTPS binding was assessed using limited hr (Figures 4C and 4D). In contrast, in whole membranes,
the release of transducin by GTPS is complete withinproteolysis of Gt with trypsin (Figure 4B). Trypsin is
known to digest Gt into small fragments when it is in 1 min (see the Supplementary Material available with
this article online).the GDP-bound form, but it produces a stable 34-kDa
fragment if Gt is bound to GTPS. Based on the fact The exact mechanism resulting in the slow GDP-GTP
exchange in rafts is currently unclear and needs to bethat Gt is released from the rafts by GTPS (Figure
2B), and the slow kinetics of [35S]GTPS binding (Figure investigated. It is possible that the rhodopsin pool pres-
ent in the raft domain is less active, as kinetics of rho-4A), Gt in the raft should predominantly exist in the
GDP-bound form. We found that, in the nonraft fraction, dopsin activation and rhodopsin-transducin binding
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dent targeting of G proteins into rafts. J. Biol. Chem. 275, 2191–was altered by the membrane lipid composition [15, 16].
2198.Arrestin p44 was shown to inhibit transducin activation
10. Tsang, S.H., Burns, M.E., Calvert, P.D., Gouras, P., Baylor, D.A.,by binding nonphosphorylated Meta-II rhodopsin [17],
Goff, S.P., and Arshavsky, V.Y. (1998). Role for the target enzyme
and hence p44 found in rafts could be responsible for in deactivation of photoreceptor G protein in vivo. Science 282,
the reduction of the rhodopsin-Gt interaction. Another 117–121.
11. Seno, K., Kishigami, A., Ihara, S., Maeda, T., Bondarenko, V.A.,possibility is that the RGS9-1-G5L complex or other
Nishizawa, Y., Usukura, J., Yamazaki, A., and Hayashi, F. (1998).proteins initially present or corecruited to the raft reduce
A possible role of RGS9 in phototransduction. A bridge betweenthe efficiency of the rhodopsin-transducin interaction.
the cGMP-phosphodiesterase system and the guanylyl cyclaseFor example, caveolin that we show to be present in OS
system. J. Biol. Chem. 273, 22169–22172.
rafts (Figure 1A) was reported to have guanine nucleo- 12. Yu, H., Bondarenko, V.A., and Yamazaki, A. (2001). Inhibition of
tide dissociation inhibitor (GDI) activity toward Gs, retinal guanylyl cyclase by the RGS9-1 N-terminus. Biochem.
Biophys. Res. Commun. 286, 12–19.Go, and Gi [18]. Regardless of the molecular mecha-
13. Hu, G., Jang, G.F., Cowan, C.W., Wensel, T.G., and Palczewski,nism, the reduced activation of transducin in lipid rafts
K. (2001). Phosphorylation of RGS9-1 by an endogenous proteinstrongly indicates that rafts might play a role in desensi-
kinase in rod outer segments. J. Biol. Chem. 276, 22287–22295.tization of the phototransduction pathway. These find-
14. Balasubramanian, N., Levay, K., Keren-Raifman, T., Faurobert,
ings support the emerging concept that the localization E., and Slepak, V.Z. (2001). Phosphorylation of the regulator of
of signaling proteins to membrane microdomains is fun- G protein signaling RGS9-1 by protein kinase A is a potential
mechanism of light- and Ca(2)-mediated regulation of G pro-damentally important for signal transduction.
tein function in photoreceptors. Biochemistry 40, 12619–12627.
15. Mitchell, D.C., Niu, S.L., and Litman, B.J. (2001). OptimizationSupplementary Material
of receptor-G protein coupling by bilayer lipid composition I.Supplementary Material including the Experimental Procedures and
Kinetics of rhodopsin-transducin binding. J. Biol. Chem. 276,additional data and discussion is available at http://images.cellpress.
42801–42806.com/supmat/supmatin.htm.
16. Albert, A.D., Boesze-Battaglia, K., Paw, Z., Watts, A., and Epand,
R.M. (1996). Effect of cholesterol on rhodopsin stability in diskAcknowledgments
membranes. Biochim. Biophys. Acta 1297, 77–82.
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